Lactic acid bacteria are employed in dairy fermentations for acidification and flavor formation. The lactic acid produced is important for the texture and taste of the product, and without sufficient lactic acid formation the result may be products of poor quality. Since the milk and the conditions in dairies are generally not sterile, bacteriophage constitutes a serious threat in the production of dairy products. The phage infects the lactic acid bacteria and propagates in an explosive manner, leading to cell death and thereby defective acidification. Lactococcal phage has been classified into 12 species according to morphology and DNA homology (26) . Three of the phage species, 936, c2, and P335, are encountered in dairy plants worldwide (32) . Bacterial strains are generally only susceptible to some of the 12 phage species.
Traditionally the number of infected batches has been kept down by employing naturally resistant bacterial strains. For Lactococcus lactis these naturally occurring resistance mechanisms can be divided in four groups: interference with phage adsorption, inhibition of injection of DNA, restriction and/or modification (R/M), and abortive infection (Abi) systems. Abi systems interfere with the phage cycle and result in a reduction of efficiency of plaquing (EOP) to 0.5 to 10 Ϫ9 (2). However, most Abi systems do not target all the phage species the host is susceptible to, or they have at least a reduced efficiency for one of the main phage species. R/M systems in general function against a broad range of bacteriophages but with an EOP substantially higher than those obtained with the Abi systems, i.e., 10 Ϫ1 to 10 Ϫ6 (2). In addition, phage escaping the restriction is protected against the same R/M system.
Alternative methods for phage resistance have been engineered. Receptor mutants lacking the phage infection protein (Pip) are resistant to c2-type phage (3) , and phage mutants overcoming the resistance phenotype could not be isolated. However, the resistance mechanism was limited to c2 phage. Another engineered system promotes resistance against P335-type phage by combining a bacteriophage-inducible promoter with a restriction cassette (16) . In this system the phage infection triggers the expression of the LlaR restriction gene, resulting in cell death and an EOP of 10 Ϫ4 for phage 31. Another means of disturbing the phage life cycle is by providing false targets of origin of replication of the phage genome, which then compete for the replication functions (38) . When the origin of replication from phage 50, ori50, was cloned on a high-copy-number plasmid, the EOP for 50 was reduced to 2.5 ϫ 10 Ϫ4 . Antisense mRNA has also been employed as a means of phage resistance (31) . It was shown that the expression of the antisense transcript of a complete gene reduced the total PFU for a range of isometric-headed phage by more than 99%. However, recent efforts employing the antisense strategy have met little or no success (2, 48) , though a combination of the false-target and antisense strategies, i.e., a low copy-number plasmid with the 31 origin of replication transcribing antisense mRNA, resulted in an EOP of 0.11 (49) .
All the described mechanisms of phage resistance have a relatively limited scope, since a vast number of types of phage variants exist in nature. Furthermore, the phage may evolve and circumvent the defense mechanisms. Hence, there is a demand for a more robust method of avoiding phage infections, so dairy fermentations may be run with consistent results.
When a phage infects a cell it uses the cell system of DNA replication to replicate its own DNA. If DNA replication is abolished the phage will not be able to proliferate and the culture is completely protected (37) . A mutant host unable to carry out DNA replication should thus be resistant to all phage species. One method of abolishing DNA replication is by limiting one or more of the four deoxynucleoside triphosphates (dNTPs). Thymidylate synthase (TS), which converts dUMP to dTMP, is an essential enzyme in the de novo synthesis of dTTP (Fig. 1) . TS is encoded by the thyA gene, and a strain defective in this gene will not be able to synthesize dTTP unless thymidine is present in the medium (1). Since milk is devoid of thymidine, DNA replication is abolished for a thyA mutant culture when it is inoculated into milk. Here we show that the acidification by a thyA mutant is completely unaffected by phage.
MATERIALS AND METHODS
Bacterial strains, bacteriophages, plasmids, media, and growth conditions. The bacterial strains, phages, and plasmids used in the present study are listed in Table 1 . Cultures of L. lactis were routinely grown at 30°C in LM17, i.e., M17 supplemented with 0.5% of lactose (46) . SA is a defined medium with 19 amino acids (28) . LSA indicates SA with 1% lactose. For acidification experiments Milex 240 skim milk powder (Arla Food Ingredients, Viby, Denmark) was used after it had been reconstituted at 9.5% (wt/vol) and boiled for 30 min. This is referred to herein as reconstituted skim milk (RSM). During the manipulations to construct MBP71, erythromycin (5 mg/liter) was added. Thymidine was added at the nonlimiting concentration of 20 mg/liter when required for propagation. For cloning of pGhost9 derivatives Escherichia coli DH5␣ (Life Technologies Inc., Carlsbad, Calif.) was grown at 30°C in Luria-Bertani medium (5) supplemented with 250 mg of erythromycin per liter. Phage was purified as described by Terzaghi and Sandine (46) .
Oligonucleotide primers. The oligonucleotide primers used in the present study are listed in Table 2 . The primers were obtained from TAG Copenhagen A/S, Copenhagen, Denmark, or MWG-Biotech, Ebersberg, Germany. DNA sequencing. Sequencing was carried out using an ABI Prism 310 Genetic Analyzer according to the manufacturer's recommendations (PE Applied Biosystems, Foster City, Calif.).
Sequencing of thyA and the upstream and downstream regions. Chromosomal DNA was purified as described earlier (15) . About 800 bp of the 840-bp thyA gene of L. lactis subsp. lactis CHCC373 was amplified by PCR on chromosomal DNA using the primers Pmb12 and Pmb15 designed from the thyA sequence of L. lactis subsp. lactis NCDO712 (43) . This fragment was then purified and sequenced. To obtain the sequence upstream of thyA in CHCC373, easy gene walking was employed as recommended previously (21) . The nested primers Pmb39, Pmb38, and Pmb37 (Table 2) were used consecutively. Three parallel series were run with each of the random primers Pmb20, Pmb21, and Pmb22. In the first step the template was chromosomal DNA. The resulting mixture of bands was purified with the QIAquick PCR purification kit (QIAGEN GmbH, Hilden, Germany), and initially sequenced with Pmb24. Easy gene walking was also employed in sequencing the region downstream of thyA, but with four nested steps instead of three, i.e., the primers Pmb66, Pmb67, Pmb27, and Pmb40 followed by sequencing with Pmb41 ( Table 2 ). The 2,417-bp sequence that was obtained is available from GenBank (accession no. AF336368).
Construction of MBP71 ⌬thyA. An approximately 800-bp fragment upstream of thyA from CHCC373 was obtained by PCR on chromosomal DNA with the primers Pmb55 and Pmb63 (Table 2) , which furthermore introduced a PstI and a HindIII site upstream and downstream, respectively. The resulting fragment includes the putative Ϫ35 box of the thyA promoter but not the Ϫ10 box (Fig. 2) . Another approximately 800-bp fragment comprising an internal part of the thyA coding region was obtained by PCR on chromosomal DNA with the primers Pmb64 and Pmb65 (Table 1) , which introduced a HindIII and a SalI site upstream and downstream, respectively (Fig. 2) . The resulting fragment includes the whole coding region of thyA except the first 8 bp and the last 34 bp. The PCR was carried out using the Pwo polymerase with proofreading (Boehringer Mannheim, Basel, Switzerland). The two PCR fragments were purified with the QIAquick PCR purification kit (QIAGEN GmbH), cut with the indicated restriction enzymes (Boehringer Mannheim), and purified again. The pGhost9 vector (36) was cut with the restriction enzymes PstI and SalI and purified. Thereafter, approximately 150 ng of the vector and 50 ng of each of the two fragments were ligated overnight at 16°C in a total volume of 20 l using T4 DNA ligase (Boehringer Mannheim). From this mixture 10 l was used to transform E. coli DH5␣ as described earlier (44) . Plasmid DNA was isolated from 16 clones using the QIAprep spin miniprep kit protocol (QIAGEN GmbH). The purified plasmid DNAs were cut with PstI and SalI, and one of them, pMBP63, yielded a band of approximately 1,600 bp. This construct was further verified by PCR with the primers that were used to produce the two fragments and also with the two outer primers. Finally, the construct was verified by sequencing both strands over the region of the deletion with the two primers Pmb36 and Pmb43. Approximately 200 ng of pMBP63 was used to transform CHCC373 as described earlier (24) . By employing the homologous integration and excision gene replacement feature of the pGhost9 vector (6) the chromosomal thyA gene of CHCC373 was thereafter successfully inactivated and the strain was cured of the plasmid. This resulted in MBP71 ⌬thyA, in which the deletion on the chromosome was verified by sequencing. 
Southern blot hybridization.
Chromosomal DNA was cut with EcoRI and run on a 1% agarose gel overnight, after which the fragments were blotted on GeneScreen Plus charged nylon membrane (NEN976; NEN Life Science Products Inc., Boston, Mass.). The plasmid probes were labeled and hybridized to the blotted fragments according to the instructions of the ECL direct nucleic acid labeling and detection system (Amersham Pharmacia Biotech, Hørsholm, Denmark). This was followed by 1.5 h of exposure to a Cronex 4 medical X-ray film (DuPont, Wilmington, Del.) after which the film was developed.
TS assay. Cells from stationary cultures were inoculated at an optical density at 600 nm (OD 600 ) of about 0.030 absorbing unit (AU) into fresh LM17 with or without thymidine. At an OD 600 of 1.0 AU the cells were harvested, washed in cold buffer of an equal volume (50 mM Tris, 10 mM mercaptoethanol, and 1 mM Na 2 EDTA-pH 7.4 HCl), and resuspended in 1/100 of the original volume. Of this cell suspension, aliquots of 0.6 ml were added to 1.2 g of 0.25-to 0.50-mmdiameter glass beads in a 1.5-ml tube (25) . The cells were disrupted by shaking the tubes in precooled canisters at 30 s Ϫ1 for 6 min in an MM200 mixer-mill (Retsch, Haan, Germany). Cell debris was removed by centrifugation at 12,000 ϫ g for 10 min. From each tube about 0.2 ml of crude cell extract was obtained. The TS assay was adapted from previous work (12, 33) and was carried out as follows. A 0.1-ml aliquot of the extract was preheated to 30°C and mixed with 0. To immediately stop the enzymatic reaction, 5 l of 20% sodium dodecyl sulfate had been applied to filter disks prior to spotting. The filter disks were transferred to plastic vials, and the tritiated H 2 O released from the dUMP-5-3 H during the reaction was evaporated in a vacuum for 15 min. Finally, 5 ml of Ultima Gold scintillation cocktail (Packard Instrument Company, Meriden, Conn.) was added to each vial, after which the activity was counted in a Beckman LS 1801 scintillation counter (Beckman Coulter Inc., Fullerton, Calif.). Since the counts per minute for each vial increased over the first several hours, they were not read until at least 24 h after sampling, when the values had stabilized. Each vial was then read three times, with a standard deviation of less than 5% for all samples and less than 2.5% for 92% of the samples. The protein concentration in the crude extracts was determined by the method of Lowry et al. (34) .
Determination of triphosphate nucleotide pools. MBP71 was grown at 30°C in LSA medium with thymidine to an OD 450 of 0.7 AU. The cells were harvested, washed, and inoculated at 0.3 AU into 100 ml of preheated LSA medium with or without thymidine. Immediately after inoculation 220 l from each culture was added to 2 l of 33 PO 4 3Ϫ (10 mCi/ml; about 1 week old at the time of use; Amersham Pharmacia Biotech) for incorporation of labeled phosphate. The main cultures were used to monitor OD 450 . Growth for the culture with thymidine was exponential, whereas it was linear for the one without thymidine. At 0.6 AU 200-l samples were withdrawn from the two labeled cultures for determination of dTTP pools and processed by a newly developed procedure kindly provided prior to publication (J. Martinussen, S. L. L. Wadskov-Hansen, and K. Hammer, submitted for publication). Thin-layer chromatography was carried out on polyethyleneimine plates in two dimensions as described earlier (27) .
Acidification of RSM by CHCC373 and MBP71. LM17 stationary cultures with thymidine were washed with an isotonic solution to remove residual thymidine. The cells were then resuspended in fresh solution to be about five times concentrated. A stationary culture has an OD 600 of about 3.0 AU. Inoculation levels in milk are shown as the percentage of how much of an overnight culture of the same volume has been used for inoculation. Per definition, 100% inoculation is set to be that which equals an inoculation level of 3.0 AU. The cells were inoculated into 200 ml of cold RSM, to which thymidine and/or phage had already been added when present. The cultures were then transferred to a water bath of the relevant temperature, and pH was monitored automatically over time.
RESULTS
Sequencing of thyA and the upstream and downstream regions in CHCC373. The DNA sequence of thyA from L. lactis NCDO712 was published earlier (43) . Primers from this sequence were employed to obtain an internal part of thyA from CHCC373. By employing easy gene walking (21) approximately 1,150 bp upstream and 500 bp downstream of thyA were obtained. An overview of the complete 2,417-bp sequence obtained is shown in Fig. 2 . The nucleotide sequence identity between thyA of CHCC373 and thyA of NCDO712 was 88%. In either case the gene encodes a 279-amino-acid TS with 97% identity between the two strains. The identity between thyA of CHCC373 and L. lactis subsp. lactis IL1403 was 100% (7) .
Construction of MBP71 ⌬thyA from CHCC373. The pGhost9 gene inactivation vector (6, 35, 36) was used to inactivate the thyA gene of CHCC373 by homologous integration and excision controlled through the temperature-dependent replication of (Fig. 2 ). An 800-bp PCR fragment upstream and a similar one downstream of the intended deletion were cloned into pGhost9 (Fig. 2) . The resulting plasmid, pMBP63, was transformed into CHCC373, and the gene inactivation feature of the pGhost9 vector was employed. This work resulted in MBP71 ⌬thyA (Fig. 2) , which requires thymidine for DNA replication and thereby for propagation ( Fig. 1 ; see also below). Since pMBP63 was excised from the chromosome and cured from MBP71, the strain was sensitive to erythromycin and the 42-bp deletion in ⌬thyA was stable. MBP71 contained no residual fragments from the pGhost9 vector. Since the pGhost9 vector contains DNA foreign to L. lactis (6, 35, 36) , there could be food safety concerns that residual fragments had remained in the chromosome of MBP71.
DNA from CHCC373, MBP71, and MBP65-3 was blotted. The latter strain was an intermediate in the construction of MBP71, in which pMBP63 was integrated into the chromosome of CHCC373. The plasmids pGhost9, pMBP63 (1,600-bp insert), and pMBP57 (400-bp insert) were used as probes (Table 1). pMBP63 and pMBP57 hybridized strongly to the chromosomal DNA from all three strains. pGhost9 hybridized to the DNA from MBP65-3, but not CHCC373 and MBP71, strongly indicating that MBP71 does not contain pGhost9 DNA.
There is no TS activity in MBP71. The TS assay, based on the release of tritiated H 2 O from dUMP-5-3 H in the conversion to dTMP, was carried out to confirm that there was no TS activity in MBP71 ⌬thyA. The H 2 O was removed by evaporation, and remaining radioactivity, in counts per minute, was a measure of remaining dUMP-5-3 H. In Fig. 3 the result is shown for the TS assay of CHCC373 and MBP71 both grown in LM17 in the presence of thymidine, which must be added for exponential growth of MBP71. For CHCC373 the radioactivity decreased over time, confirming the presence of TS activity. On the other hand the radioactivity was constant for MBP71, showing that there was no TS activity in this mutant.
The reaction for the crude extract of CHCC373 followed first-order kinetics over 50% of its course with respect to dUMP removal, and an exponential fit is shown in Fig. 3 . The first-order rate constant was 2.0 ϫ 10 Ϫ2 min Ϫ1 , which is comparable to the 3.1 ϫ 10 Ϫ2 min Ϫ1 found for purified TS from Lactobacillus casei (12) .
MBP71 grown without thymidine has no detectable dTTP pool. As described in the previous section, MBP71 has no TS activity, and without thymidine in the medium, synthesis of dTTP should not be possible (Fig. 1) . To verify this, the intracellular triphosphate nucleotide pools in MBP71, grown in LSA with or without thymidine, were analyzed using a new protocol kindly provided prior to publication (Martinussen et al., submitted for publication). As can be seen in Fig. 4a there was a substantial dTTP pool in the cells grown with thymidine. For the cells grown without thymidine, there was no detectable dTTP pool, showing that it cannot be synthesized (Fig. 4B) .
The spots were generally weaker for the culture without thymidine, including dGTP and 5-phosphoribosyl-1-pyrophosphate. However, some spots showed the opposite tendency, including the spot for dATP. Also, ppGpp, which indicates a stress response (41) , was absent in the culture with thymidine but was clearly identifiable in the culture without thymidine.
The number of CFU did not increase for MBP71 grown without thymidine. When dTTP cannot be synthesized, DNA replication and cell division are abolished. To verify this, the number of CFU was determined for a stationary culture of MBP71 inoculated at 10% into LM17 and RSM (Fig. 5) . For both media the initial cell count of 2 ϫ 10 8 CFU/ml increased by about 20% from 0 to 0.5 h, which has also been observed in similar experiments. After 0.5 to 1.0 h the number of CFU started decreasing, and after about 2 h the decrease appeared to be exponential (Fig. 5) . These results show that MBP71 is nondividing and hence nonreplicating in LM17 and RSM.
For the LM17 culture of MBP71, the OD 600 was also monitored (Fig. 5) . The OD increased linearly as opposed to exponentially, and the OD stopped increasing after 4.5 h when it had increased about threefold. In another experiment the OD was monitored over 24 h (data not shown). The OD started decreasing after around 6 h, and after 24 h the OD had decreased to around 30% of the maximum, showing that MBP71 lyses in the nonreplicating state. In Fig. 6 it is shown how nonreplicating cells of MBP71 greatly increase in size compared to exponentially grown MBP71, and this is presumably what causes the lysis.
In a separate experiment also shown in Fig. 5 , thymidine was added to the LM17. When 20 mg of thymidine per liter was added, MBP71 grew exponentially with a specific growth rate, , of 0.96 h Ϫ1 , compared to 1.05 h Ϫ1 for CHCC373 (Fig. 5) . After 24 h the OD was about 90% of the maximum, showing that exponentially grown MBP71 does not lyse substantially. Increasing the thymidine concentration to 100 mg/liter did not increase for MBP71, but lowering the concentration to 5 mg/liter decreased to 0.86 h Ϫ1 . That MBP71 grows more slowly than CHCC373 indicates that the uptake of exogenous FIG. 3 . TS assay for CHCC373 and MBP71. Remaining radioactivity is indicated on the secondary axis in counts per minute (cpm). Thymidine was added to the growth medium for both CHCC373 and MBP71. The solid lines indicate exponential fits of the data. The protein concentration in the extract was 6.9 and 6.5 mg/ml for CHCC373 and MBP71, respectively. thymidine is insufficient to sustain the maximum growth rate of MBP71. MBP71 acidifies almost twice as fast at 37°C as it does at 30°C. It was of interest to determine how much of nonreplicating MBP71 should be added to RSM to yield the same pH as for CHCC373 at a specified time. Hence, stationary cultures were washed and inoculated into RSM at various levels, and pH was monitored over time. The results are shown in Fig. 7A and B for 30 and 37°C, respectively. One checkpoint could be that pH 5.2 must be reached after 6 h (39). As can be seen in Fig. 7A , this pH was reached in 6 h for wild-type CHCC373 inoculated at 1%, which is also the approximate cell density FIG. 4 . Nucleotide pools in MBP71 grown with or without thymidine. For each of the triphosphate nucleotide spot designations the "TP" part of the name has been omitted, so that, e.g., dTTP is referred to as dT. (A) Triphosphate nucleotide pool for MBP71 grown in LSA medium with thymidine. (B) Same as panel A except that thymidine was omitted. The various spots were identified from earlier work (27) . Spot labels: Total, 1/10 of the total amount of activity run on each plate; PP, pyrophosphate; PRPP, 5-phosphoribosyl-1-pyrophosphate; ppGpp, guanosine 5Ј-diphosphate 3Ј-diphosphate.
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on February 21, 2013 by PENN STATE UNIV http://aem.asm.org/ often used in dairies (data not shown). Since MBP71 is not able to divide in the RSM, the cell number will not increase over time, and the inoculation level must be higher than that for CHC373. For inoculation levels of 10, 20, and 30%, pH 5.2 was reached in 17, 8.5, and 5.5 h, respectively (Fig. 7A) . As shown in the previous section MBP71 grew exponentially when 20 mg of thymidine per liter was added to LM17 but grew 8% more slowly than CHCC373. As can be seen from Fig. 7A , MBP71 inoculated at 1% into RSM with added thymidine reached pH 5.2 about 0.5 h later than CHCC373.
One could have chosen to harvest exponentially growing cultures and used them for the above acidification experiments. However, exponentially growing cultures are not employed in dairies. To investigate if the age of the stationary culture influenced acidification, the M17 culture inoculated with MBP71 had also been diluted to 0.01 (vol/vol) in another flask at the time of inoculation, and it would thus become stationary about 5 h later than the mother culture. As can be seen from Fig. 7A , this culture acidifies like the mother culture.
In a dairy fermentation, such as the production of Cheddar cheese, the temperature is only around 30°C at the onset of the fermentation. Normally, after about an hour the temperature is raised gradually to 37 to 38°C (39) . Hence, it was important that nonreplicating MBP71 be able to acidify at, e.g., 37°C, and acidification curves at this temperature are shown in Fig. 7B . For CHCC373 the acidification curve at 37°C looks similar to the one at 30°C, and pH 5.2 was reached in 5.5 h (Fig. 7B) .
Acidification by nonreplicating MBP71 was almost twice as fast at 37°C compared to that at 30°C. For the inoculation levels of 10 and 20%, pH 5.2 was reached in 9.5 and 5 h, respectively. For pH 5.2 to be reached in 6 h the inoculation level should be around 17%.
Acidification by nonreplicating MBP71 was completely unaffected by all the phage it was challenged with. Through the abolishment of DNA replication, acidification by MBP71 should be unaffected by the presence of phage. To test this, MBP71 was inoculated at 10%, corresponding to 2 ϫ 10 8 CFU/ml, into RSM with or without thymidine and with or without phage CHPC733 from species P335 (Table 1) , which lyses CHCC373. Phage CHPC733 was added at 3 ϫ 10 7 PFU/ ml, resulting in an MOI of about 0.1. When no phage was present but thymidine was, pH 5.2 was reached in 3.5 h (Fig. 8) . However, under these conditions the cells were susceptible to phage attacks, and in the culture with phage, the pH only went slightly below 5.5 before acidification stopped (Fig. 8) . For the nonreplicating cultures of MBP71 it took 8.5 h to reach pH 5.2, both with and without phage added (Fig. 8) , showing that acidification is completely unaffected.
In another similar experiment, MBP71 was challenged with eight phage infecting CHCC373. These phage belong to the P335 or 936 species and were CHPC12, -412, -708, -710, -783, -795, -814, and -836 (Table 1) . In these experiments acidification by nonreplicating MBP71 was also found to be completely unaffected by the phage, whereas the addition of thymidine FIG. 5 . CFU and OD 600 for CHCC373 and MBP71 in M17 and RSM. A stationary culture of MBP71 was inoculated at 10% into LM17 and RSM. The OD 600 was monitored for the LM17 culture. The number of CFU was determined at the time points shown by diluting the sample 50 times in three consecutive steps and plating 0.1-ml aliquots in triplicate. This resulted in an initial value of around 150 CFU. The standard deviation was Ͻ12 CFU. In a separate experiment CHCC373 and MBP71 were inoculated at 1% into LM17 and LM17 plus 20 mg of thymidine (dT) per liter, respectively. Table 1 were routinely propagated to a titer of 10 10 to 10 11 PFU/ml, and all had a high EOP. Although it was shown in the previous section that the age of the applied overnight cultures did not affect acidification, it should be noted that there is some variation in acidification time from experiment to experiment. For RSM inoculated with MBP71 at 10% and 37°C, pH 5.2 was reached in 9.5 h for the The phage injects its DNA into nonreplicating MBP71. One could argue that the nonreplicating cells of MBP71 were resistant due to an altered cell wall structure caused by the increase in the cell size shown in Fig. 6B . However, it was verified, using phage CHPC733 with fluorescently labeled DNA (19) , that the phage adsorbed to the cell wall of MBP71, Using the above visualization one may view MBP71 as a phage vacuum cleaner wherein phage DNA is trapped upon infection. Thus, MBP71 may be used to remove phage from milk, after which CHCC373 can safely be added for acidification. To test this, MBP71 was inoculated at 1%, i.e., 2 ϫ 10 7 CFU/ml, into separate RSM cultures with the eight phage mentioned in the previous section at a titer of 6 ϫ 10 6 PFU/ml, resulting in an MOI of 0.3. The cultures were incubated for 2 h at 30°C for MBP71 to inactivate the phage. During this time the pH dropped 0.1 unit. After this, CHCC373 was added at 1%, and the pH dropped to 5.7 to 6.0 over the following 4 to 5 h before acidification stopped. In control cultures to which MBP71 had not been added initially, pH stopped at around 6.5, showing that MBP71 indeed inactivates a substantial fraction of the phage, but that the phage population quickly recovers.
Increasing acidification of MBP71 by addition of thymidine. MBP71 grows exponentially when 20 mg of thymidine per liter is added but is nonreplicating when thymidine is not added. However, by adding a limiting amount of thymidine to the RSM one may temporarily restore DNA replication. Until the thymidine is used up the cells may carry out DNA replication and acidification should be relatively faster, but naturally the phage will also be able to propagate during this time.
To test this approach, MBP71 was inoculated at 5%, corresponding to 10 8 CFU/ml, into RSM with various concentrations of thymidine and at various MOIs, and the pH was monitored over time at 37°C. All combinations of 0, 0.5, 1, 2, and 20 mg of thymidine per liter and phage at 0, 1.5 ϫ 10 5 , 1.5 ϫ 10 6 , and 1.5 ϫ 10 7 PFU/ml, corresponding to MOIs of about 0, 0.001, 0.01, and 0.1, were set up. Selected acidification curves are presented in Fig. 9 . As can be seen the addition of thymidine greatly increased acidification. For the culture without thymidine it took 16 h to reach pH 5.3. When 2 mg of thymidine per liter was added, it took only 6 h to reach pH 5.2, even with phage at an of MOI 0.01, the same as the time it took when no phage had been added (Fig. 9 ). When the MOI was increased to 0.1, acidification in the cultures with limiting thymidine was affected to a greater or lesser extent (data not shown). If nonlimiting thymidine, i.e., 20 mg/liter, had been added to the milk, acidification stopped at around pH 5.6, but without phage pH 5.2 was reached in 4.5 h. Nonreplicating MBP71 was homolactic like CHCC373. In a dairy fermentation it is important that nonreplicating MBP71, which has a physiology different from that of CHCC373, produces the same end products. The most important variable is that the strain remain homolactic, i.e., the cells produce primarily lactic acid, as opposed to, e.g., formate, acetate, and ethanol, indicating mixed-acid fermentation (18, 45) . To investigate the end product pattern, cultures similar to the ones in Fig. 7 were set up, i.e., 1% CHCC373 at both 30 and 37°C and 20 and 10% MBP71 at 30°C and 37°C, respectively. Various inoculation levels of MBP71 were used to yield similar acidification curves. At 10 h end product concentrations were determined by high-performance liquid chromatography and gas chromatography (13, 42) (Table 3) .
First, it is important to note that the pH at the sampling time was not identical for all cultures. The amount of acid produced varied twofold (Table 3) . Most importantly, the two MBP71 cultures produced as much lactic acid, relative to total acid, as did CHCC373. No acetic acid production was detected in any of the cultures, and the MBP71 cultures produced only ethanol (Table 3) . Hence, nonreplicating MBP71 was homolactic. However, the acetaldehyde production was relatively higher for the MBP71 cultures than for the CHCC373 cultures. These elevated acetaldehyde concentrations were also found when MBP71 was inoculated at 1% into RSM with 20 mg of thymidine per liter, i.e., when grown similarly to CHCC373 (Table 3 ). And they were also found when MBP71 was inoculated at 5% into RSM with limiting thymidine. No significant diacetyl or acetoin production was detected in the eight cultures.
DISCUSSION
In this work we constructed the mutant L. lactis MBP71 ⌬thyA, which has no TS activity. Thus, thymidine is required for synthesis of dTTP and thereby DNA replication. Milk did not support propagation of MBP71, indicating that milk is devoid of thymidine, and in this medium the acidification by MBP71 was completely unaffected by the presence of phage at an MOI of 0.1. When thymidine was added, acidification stopped. Due to the abolishment of DNA replication, cells of MBP71 are nondividing and they must be inoculated at a higher level than CHCC373 to achieve a certain pH within a specific time. At 37°C MBP71 must be inoculated at levels around 17-fold higher than those of CHCC373. However, by adding a limiting amount of thymidine to the milk, and thereby temporarily restoring DNA replication, the inoculation level could be lowered to 5-fold that of CHCC373, while acidification was still unaffected up to an MOI of 0.01. Nonreplicating MBP71 produced the same products as CHCC373, except that the acetaldehyde production was higher.
Nonreplicating cells of MBP71 are susceptible to TLD. In Fig. 5 it was shown how the number of CFU for nonreplicating MBP71 starts decreasing exponentially after the initial 1 to 2 h. This is in agreement with earlier results from thyA mutants of various species and is referred to as thymineless death (TLD), which occurs due to a breakdown of the chromosomal DNA (1). However, the OD keeps increasing linearly for more than 2 h after TLD commences (Fig. 5 ). Hence, it is possible that TLD has little influence on the growth and acidification of nonreplicating MBP71, and it is furthermore possible to select for mutants which are insensitive to TLD (14) . Instead of being caused by TLD, the stop in the OD increase after 4.5 h may be caused by cell lysis or a regulatory mechanism.
Applying nonreplicating cultures in practice. By examining, e.g., Fig. 7B , it is clear that MBP71 has an altered acidification profile compared to that of CHCC373 and that the production parameters must be changed for MBP71. However, a direct consequence of the acidification profile is that it makes it easy to control the end pH of a fermentation by adjusting the inoculation level. This could be an advantage when it is desirable to control the acidity of the product.
Although the cells do not increase in number, the high level of inoculum for MBP71 could affect the organoleptic properties of the product. However, when, e.g., L. lactis lyses intracellular enzymes, e.g., peptidases, are released into the cheese matrix, and this has a positive effect on maturation (4). The OD of nonreplicating MBP71 decreased to 30% of the maximum OD after 24 h, whereas the value was 90% for exponentially grown MBP71. Hence, maturation may be improved compared to that observed for traditional cultures, if the total amount of peptidases and proteinases is similar for the two types of cultures.
It was found that nonreplicating MBP71 produced more acetaldehyde than did CHCC373. Earlier it was found that the dUMP pool of thyA mutants of E. coli was increased, and the dUMP was broken down to uracil and deoxyribose-1-phosphate (dR1P) (1) . The dR1P is further catabolized to glyceraldehyde-3-phosphate and acetaldehyde (Fig. 1) , and this may indeed be where the observed acetaldehyde was derived from. Alternatively, the acetaldehyde could be a product of the mixed-acid branch, where it may be produced in elevated amounts under certain conditions (9) . However, then the acetaldehyde would not be expected to occur at elevated concentrations when thymidine was supplied at 20 mg/liter, unless the thymidine was catabolized (Fig. 1) . Although acetaldehyde may affect the taste of the product, it should not affect growth at concentrations up to at least 18 mg/liter (9) . In either of the above-mentioned cases the genes encoding the enzymes responsible for its production may be inactivated.
It should be noted that MBP71 has been constructed using genetic engineering and is considered a genetically modified organism (GMO) in the European Union, thus requiring approval for its use in food fermentations. Instead one could construct a thyA mutant of CHCC373 using classical mutagenesis. Since MBP71 does not contain any foreign DNA, it is not considered a genetically modified organism in, e.g., the United States, and it may be applied in this instance.
Potential ways by which phage could overcome the resistance mechanism. The phage-resistant thyA mutant described in this work has two distinct advantages over other phage resistance mechanisms. First, with our current knowledge it should be functional against all phage species infecting CHCC373, or other strains of L. lactis, either as presented or slightly enhanced, i.e., as a conditional tmk mutant (see below). This is unlike, e.g., the Abi systems or pip mutants. Secondly, it does not allow some attacking phage to slip through the defense mechanism, which is a problem with the R/M systems. However, it is still possible to envisage ways whereby phage may overcome this mechanism of protection.
First, it has been reported that the Bacillus subtilis phage 3T has a thy gene, thyP3, in its chromosome (30) . If such a phage infected a thyA mutant, synthesis of dTTP and thus DNA replication would be restored, possibly leading to lysis of the culture. However, none of the nine phage MBP71 was challenged with affected acidification. Furthermore, of the phage infecting L. lactis which have currently been sequenced, none were found to contain a thy gene (data not shown). Also, a possible solution to this potential problem is to inactivate more of the genes necessary for the de novo synthesis of dTTP, i.e., dut, dcdA, and tmk, though in the third instance a conditional mutant would be necessary (Fig. 1) . Even with these genes inactivated certain phage could have one or more of them in their chromosome. Specifically, several phage infecting L. lactis have a gene homologous to the dut gene (11) . Also, the genome of the T4 phage infecting E. coli encodes most of the enzymes for dNTP synthesis (22) . As a solution to this one could, instead of limiting the availability of dNTPs, target the DNA replication machinery itself so that it would not be active, or the required enzymes would not be synthesized, when the cells were inoculated into the milk.
Secondly, even if no established phage infecting L. lactis has a thy gene the phage may acquire genes from the host it infects (23) . With the strain MBP71 this poses a particular risk, since only 42 bp of thyA has been deleted. If the remaining part of the thyA gene was integrated in a phage chromosome in front of a promoter, ribosome binding site, and start codon, the result could be an active thyA gene. With thyA mutants being used on a large scale there would be a selection pressure for such phage, though incorporating other phage resistance mechanisms could lower the potential risk. As acquirement of host DNA appears to occur through homologous recombination between the infecting phage and prophage in the host chromosome (8, 17) , specific regions may not be readily acquirable for the infecting phage.
Finally, phage may overcome the lack of dTTP for DNA replication inside the cell by hydrolyzing the host chromosome and reutilizing the nucleotides, and indeed phage c6A, which infects L. lactis, does utilize the host nucleotides (40) . However, none of the nine phages tested in this research were able to slow acidification (Fig. 8) , though it is possible that none of them break down the host chromosome. Another explanation could be that the infecting phage cannot initiate its cycle upon infection due to the cell's physiological state. Again this potential problem can be overcome by making a conditional tmk mutant or targeting the DNA replication machinery itself. a MBP71 and CHCC373 were inoculated at various levels into 200 ml of RSM with various amounts of thymidine as indicated. The cultures were set up at the indicated temperature, as were two flasks with no cells added. At 10 h two samples were taken from each culture, and the end product concentrations were determined. The standard deviation is shown for each value, except for one value, for which a sample was lost. The pH at 10 h is also shown, and so is the amount of acid produced, based on a titration curve of RSM with HCl, relative to the highest observed pH, i.e., 5.3.
Increasing acidification of nonreplicating MBP71. It is clear that the culture cost greatly increases if a dairy has to use, e.g., 17-fold as much inoculum. However, a dairy may not necessarily use MBP71 all the time. It may be used in dairies with extensive phage problems or when acidification times get longer, indicating the presence of phage. And its use should be seen in contrast to failure of acidification, resulting in products of reduced value or complete loss of the batch. Also, we have described how the inoculation level could be lowered to 5%, i.e., fivefold the normal amount, by adding a limiting amount of thymidine to the milk, while acidification remained unaffected by the presence of phage up to 10 6 PFU/ml (Fig. 9) . In the whey sample from a milk fermentation in which phage has lysed the culture the phage titer normally does not exceed 5 ϫ 10 9 PFU/ml (data not shown). Considering that the volumetric carryover from one fermentation to another is in the area of 10 Ϫ8 (29), less than 5 ϫ 10 1 PFU/ml of the following batch would originate from an infected batch. The phage titer in raw milk is normally less than 10 3 PFU/ml (47), which is not necessarily specific for the strain employed. Thus, the initial phage titer in a fresh batch should be less than 10 Ϫ3 of the titer tested here, and the inoculation level of MBP71 might be lowered even further without risking failure of acidification. However, thymidine is currently not approved as an additive in cheese production. An alternative to adding thymidine would be to construct a temperature-sensitive mutant in which the TS is not active above, e.g., 34°C. For the first 1 to 2 h of, e.g., Cheddar cheese fermentation, the temperature is below this mark and the TS would be active. However, after this point the temperature is above 34°C for several hours and DNA replication would be abolished.
There are alternatives to increasing acidification by temporarily allowing DNA replication. First, it was observed in Fig. 5 that the number of CFU for nonreplicating MBP71 increased about 20% over the first 0.5 h. This could be due to stationary cells, with two complete chromosomes, which then divide in the fresh medium and thus increase the total number of CFU. This in turn could be exploited to increase acidification. When E. coli is grown under certain conditions there are several chromosomes per cell in the stationary phase (10) . If such cells of L. lactis were inoculated into milk, they should be able to divide one or more times, even if DNA replication were not possible, thus increasing the total number of CFU and thereby presumably acidification.
Secondly, in E. coli growing under aerobic conditions the specific rate of glycolysis, or flux, was increased by 71% by incorporating ATPase activity (B. J. Koebmann, H. V. Westerhoff, J. L. Snoep, D. Nilsson, and P. R. Jensen, submitted for publication). The ATPase nonspecifically hydrolyzes ATP and drives up the glycolytic flux to keep up with the demand. In L. lactis an increased glycolytic flux would lead to a higher lactic acid flux, and we are currently working on the incorporation of ATPase activity in MBP71.
